Abstract: This study employs the developed simulation software for the energy use of the high-tech fabrication plant (hereafter referred as a fab) to examine six energy-saving approaches for the make-up air unit (MAU) of a TFT-LCD (thin-film transistor liquid-crystal display) fab. The studied approaches include: (1) Approach 1: adjust the set point of dry bulb temperature and relative humidity in the cleanroom; (2) Approach 2: lower the flow rate of supply air volume in the MAU; (3) Approach 3: use a draw-through type instead of push through type MAU; (4) Approach 4: combine the two stage cooling coils in MAU to a single stage coil; (5) Approach 5: reduce the original MAU exit temperature from 16.5 • C to 14.5 • C; and (6) Approach 6: avoid an excessive increase in pressure drop over the filter by replacing the HEPA filter more frequently. The simulated results are further compared to the measured data of the studied TFT-LCD fab in Taiwan. The simulated results showed that Approach 1 exhibits more significant influence on annual power consumption than the other approaches. The advantage/disadvantage of each approach is elaborated. The impact of the six approaches on the annual power consumption of the fab is also discussed.
Introduction
Large-scale high-tech cleanrooms need conditioned air from the ambient environment to maintain a positive pressure. Figure 1 shows a typical schematic diagram for a make-up air unit (MAU) and cleanroom heating, ventilation, air conditioning (HVAC) system. Humidity in large-scale high-tech cleanrooms is often controlled by a dedicated MAU which consists of a fan, two stage cooling coils, a heating coil (or heater), filters, and a humidifier. Methods of humidification include mist humidification and steam humidification. The steam humidification process is a quasi-isothermal process, which needs heat energy to generate steam. The mist humidification process is an isenthalpic process, which draws evaporation energy from the air. Irrespective of whether quasi isothermal process or isenthalpic process is adopted, the heating system is indispensable. For mist humidification, outdoor air needs to be pre-heated to a temperature that has the same enthalpy as off-coil saturation condition. Whether a cleanroom uses electric-heater or a boiler, it would be a burden on operation and maintenance costs. Even with a heat recovery chiller, it negatively affects the efficiency of the chiller system. Normally, MAU output air has a temperature range of 14-17 • C, and the humidity is controlled at 9.65 × 10 −3 kg/kg for TFT-LCD (thin-film transistor liquid-crystal display) fabrication plants. The make-up air (MA) is mixed with return air (RA) to maintain temperature at 23 ± 1 • C and humidity at 55% ± 5% for most TFT-LCD industries [1] . Additionally, the temperature in the cleanroom the temperature in the cleanroom can be controlled by a dry coil but this does not regulate humidity, thus the MAU output humidity becomes very important, as it is the only mechanism to control humidity in the cleanroom. Figure 2 shows the psychrometric processes of both humidifying a cleanroom by steam and mist humidification. Depending on the location of the fan relative to the cooling coils (upstream or downstream), a MAU can be categorized as a push-through type MAU (Figure 3a ) or a draft-through type MAU ( Figure 3b ) [2] . As the relative humidity required for industrial cleanroom is low, the designed humidity ratio is lower than the HVAC system used in commercial buildings. Thus, the supply water temperature for the cooling coil inside the MAU is typically 5-7 °C. This low temperature of the supply water reduces water chiller's efficiency. In general, a rise of 1 °C in evaporator temperature of water chiller can increase chiller efficiency by about 3%. Therefore, by dividing one cooling coil with low supply water temperature into two cooling coils with different supply water temperatures the temperature in the cleanroom can be controlled by a dry coil but this does not regulate humidity, thus the MAU output humidity becomes very important, as it is the only mechanism to control humidity in the cleanroom. Figure 2 shows the psychrometric processes of both humidifying a cleanroom by steam and mist humidification. Depending on the location of the fan relative to the cooling coils (upstream or downstream), a MAU can be categorized as a push-through type MAU (Figure 3a) or a draft-through type MAU ( Figure 3b ) [2] . As the relative humidity required for industrial cleanroom is low, the designed humidity ratio is lower than the HVAC system used in commercial buildings. Thus, the supply water temperature for the cooling coil inside the MAU is typically 5-7 °C. This low temperature of the supply water reduces water chiller's efficiency. In general, a rise of 1 °C in evaporator temperature of water chiller can increase chiller efficiency by about 3%. Therefore, by dividing one cooling coil with low supply water temperature into two cooling coils with different supply water temperatures The psychrometric process of humidification: steam-humidification (1-2-3) and mist-humidification (1-2 -3), where r is the room condition [1] .
Depending on the location of the fan relative to the cooling coils (upstream or downstream), a MAU can be categorized as a push-through type MAU (Figure 3a) or a draft-through type MAU ( Figure 3b ) [2] . As the relative humidity required for industrial cleanroom is low, the designed humidity ratio is lower than the HVAC system used in commercial buildings. Thus, the supply water temperature for the cooling coil inside the MAU is typically 5-7 • C. This low temperature of the supply water reduces water chiller's efficiency. In general, a rise of 1 • C in evaporator temperature of water chiller can increase chiller efficiency by about 3%. Therefore, by dividing one cooling coil with low supply water temperature into two cooling coils with different supply water temperatures (i.e., 9 • C for first cooling coil and 6 • C for second cooling coil), total energy consumption of water chillers can be reduced [2] . Heat sources of heating coil generally are steam, hot water, or electric heater. However, replacing these high energy consumption components with heat recovery chiller helps reduce energy consumption of heating coil. Reheating is required after the dehumidification process in order to satisfy the temperature requirement, which is determined by the cleanroom temperature and the relative humidity settings. In such a case, mounting the MAU fan after the cooling coils can replace some of the energy required for reheating. This cuts down the energy consumption by reducing the energy load of the heating coil. The last device is a steam humidifier, which provides steam and increases humidity at the discharge, helping to meet the humidity requirement in winter. (i.e., 9 °C for first cooling coil and 6 °C for second cooling coil), total energy consumption of water chillers can be reduced [2] . Heat sources of heating coil generally are steam, hot water, or electric heater. However, replacing these high energy consumption components with heat recovery chiller helps reduce energy consumption of heating coil. Reheating is required after the dehumidification process in order to satisfy the temperature requirement, which is determined by the cleanroom temperature and the relative humidity settings. In such a case, mounting the MAU fan after the cooling coils can replace some of the energy required for reheating. This cuts down the energy consumption by reducing the energy load of the heating coil. The last device is a steam humidifier, which provides steam and increases humidity at the discharge, helping to meet the humidity requirement in winter.
(a) (b) On the other hand, energy consumption for controlling humidity by the MAU is huge. Generally, power consumption for air-conditioning in a high-tech facility is about 30%-40% of the total power consumption [3] [4] [5] [6] , around 50% of which is accounted for by the chiller. Breaking the power consumption down further, the MAU consumes nearly half of the power load of the chiller [3] [4] [5] [6] . Therefore, it is very important to take energy consumption of the MAU into consideration when operating a fab. There are only a few literatures on energy efficiency of the MAU of cleanrooms [7] . Brown [8] identified energy-saving opportunities within MAU systems for five climatic regions in the United States. Naughton [9, 10] pointed out the importance of make-up air systems in semiconductor cleanrooms. Ciborowski and Pluemer [11] described the relationship between fans and acoustic effects of a MAU system in a California semiconductor facility. Sizuki et al. [12] studied the effect of condensation and its treatment on performance of cooling coils inside make-up air units. They obtained 3% energy savings. However, they focused only on cooling equipment, not on equipment of the system itself and thus they did not report on the effects of the MAU system design on energy consumption. Roulet et al. [13] studied real heat recovery with air handling units and Bartholomew [14] investigated recovery of heat from make-up air from exhaust in labs, but neither reported energy-saving opportunities in cooling. Kircher et al. [15] conducted a simulation and modeling of a 1600 m 2 university laboratory cleanroom in upstate New York using the TRNSYS model [16] with TMY2 weather data [17] . However, none of the above discussed energy efficiency of individual components of MAU. Chiller energy can account for as much as 10%-20% of total cleanroom energy usage. Standard chiller plant design of cleanrooms provides chilled water at 5-6 °C. While this temperature is required for dehumidification, the low set point imposes an efficiency penalty on the chillers. Typically, heat exchangers and/or mixing loops are used to convert the low temperature, energy intensive chilled water into warmer chilled water for sensible or process cooling loads.
Chiller efficiency is a function of the chilled water supply temperature. Other things being equal, higher chilled water temperatures resulted in improved chiller efficiency. For example, instead of both chillers operating at 6 °C, if one chiller in a dual chiller plant provides water at 12.5 °C, 20%-40% of energy consumption and peak power can be saved. The chilled water temperature is On the other hand, energy consumption for controlling humidity by the MAU is huge. Generally, power consumption for air-conditioning in a high-tech facility is about 30%-40% of the total power consumption [3] [4] [5] [6] , around 50% of which is accounted for by the chiller. Breaking the power consumption down further, the MAU consumes nearly half of the power load of the chiller [3] [4] [5] [6] . Therefore, it is very important to take energy consumption of the MAU into consideration when operating a fab. There are only a few literatures on energy efficiency of the MAU of cleanrooms [7] . Brown [8] identified energy-saving opportunities within MAU systems for five climatic regions in the United States. Naughton [9, 10] pointed out the importance of make-up air systems in semiconductor cleanrooms. Ciborowski and Pluemer [11] described the relationship between fans and acoustic effects of a MAU system in a California semiconductor facility. Sizuki et al. [12] studied the effect of condensation and its treatment on performance of cooling coils inside make-up air units. They obtained 3% energy savings. However, they focused only on cooling equipment, not on equipment of the system itself and thus they did not report on the effects of the MAU system design on energy consumption. Roulet et al. [13] studied real heat recovery with air handling units and Bartholomew [14] investigated recovery of heat from make-up air from exhaust in labs, but neither reported energy-saving opportunities in cooling. Kircher et al. [15] conducted a simulation and modeling of a 1600 m 2 university laboratory cleanroom in upstate New York using the TRNSYS model [16] with TMY2 weather data [17] . However, none of the above discussed energy efficiency of individual components of MAU. Chiller energy can account for as much as 10%-20% of total cleanroom energy usage. Standard chiller plant design of cleanrooms provides chilled water at 5-6 • C. While this temperature is required for dehumidification, the low set point imposes an efficiency penalty on the chillers. Typically, heat exchangers and/or mixing loops are used to convert the low temperature, energy intensive chilled water into warmer chilled water for sensible or process cooling loads.
Chiller efficiency is a function of the chilled water supply temperature. Other things being equal, higher chilled water temperatures resulted in improved chiller efficiency. For example, instead of both chillers operating at 6 • C, if one chiller in a dual chiller plant provides water at 12.5 • C, 20%-40% of energy consumption and peak power can be saved. The chilled water temperature is 5 • C for a single-temperature chiller plant system and 5 • C/9 • C for a "dual-temperature" chilled water system [18] . Recently, Wang et al. [19] propose energy use model and energy conservation approaches for a TFT-LCD fab. Their model was verified by monthly energy use. However, no detailed calculation and description on energy conservation approaches are given. This paper aims to compare the effects of the six energy-saving approaches for MAUs in a fab and to identify the best energy-saving approaches. In addition, the simulated results are further compared to the measured data of the studied TFT-LCD fab in Taiwan.
Methods
In the present study, we use the simulation software (namely Fab Energy Simulation, FES) to analyze the energy use of the fab. Design parameters or operating conditions such as the room temperature, relative humidity, supply/return temperature of the chilled water, and so on can be inputted via the user interface of the FES. The energy uses in the fabs generally come from several parts, including the HVAC system, exhaust system, process cooling water (PCW), ultra-pure water (UPW), clean dry air (CDA), fan-filter unit (FFU) vacuum, fans (mainly used in the HVAC and exhaust system), pumps (for hot or chilled water), process tools, and lighting system. The detailed description, used models, and validation of the developed FES have been conducted in our recent study [20] .
Basic Conditions of the Fab Studied
The fab is located in the Science Park in Hsinchu, Taiwan. In the studied fab, the cleanroom area is 59,760 m 2 (core fabrication area is 49,031 m 2 ). The product is a 3.5 generation small/medium-size display panel with monthly production volume of 75,000 pieces. The quality and design conditions of the utility are described in Table 1 . 
Establishing the Baseline of Energy Consumption
Before formulating any energy-saving approach, one should establish the baseline of energy use of the fab. The measured energy use, as shown in Figure 4 , is adopted as the base case for the six energy-saving approaches proposed. 
Description of the Six Energy-Saving Approaches
The combined chiller and MAU system is the largest energy consumption component of the HVAC system in a fab, as indicated in Figure 4 . Six approaches, as detailed in Table 2 , are selected because they significantly influence the energy use and only related to the operational mode, without any extra expenditure. Energy-saving approaches to the process tool are not in the scope in this study, although it exhibits great potential. Note that process tool relates to production and is normally very sensitive to the management of the fab. 
Results and Discussion

Approach 1
This approach is acceptable for most of the area in a fab, except the photolithography area, which is a process very sensitive to temperature variation. Approach 1B exhibits highest energy saving effect, up to 1.01% of annual fab energy consumption, majorly due to a lower cooling load of the MAU. Approach 1D has a negative effect; it consumes 0.94% more of energy (see Table 3 ). It is noted that the setting on room temperature results a very significant impact on energy-saving. Increasing 1 • C of fab temperature can almost save 1% of fab energy consumption. On the other hand, increasing 3% of RH value in the fab can reduce about 0.65% of fab energy consumption. 
Approach 2
Reducing the flow rate of supply air of MAU can reduce the cooling load of the cooling coil in the MAU during summertime and reduce the heating load of pre-heating coil during wintertime. Thus, the total power consumption is reduced. Table 4 shows the simulation results; energy saving of the entire Fab is 0.34%. 
Approach 3
The centrifugal fan in the MAU is a kind of fluid mechanics that transports volume instead of mass. As the air density varies when the air temperature changes, transportation of the same volume of low temperature air by fan consumes less energy than transporting high temperature air. For the draft-through type MAU, as the fan is located downstream of cooling coils, the air temperature (also the specific volume) upstream of fan is lower than outdoor air temperature. For the draft-through type MAU, the airflow rate across the fan is less than that in the MAU inlet. Therefore, for the same MAU inlet flow rate, the fan power consumption of the draft-through type MAU is less than that of push-off type. For the same outlet make-up air volume flow rate (i.e., 100,000 m 3 /h), the draft-through-type MAU requires 97,127 m 3 /h and the push-through-type MAU requires 105,170 m 3 /h across the fan (Table 5 ).
In terms of percentage, flow rate (volume) required by the draft-through type MAU is 8.28% less than the push-through type. According to the fan law, the draft-through type MAU consumes 21.23% less power than the push-through type MAU. As stated in the last section, the fan heat load of the draft-through MAU becomes part of the heat source of the re-heating coils, while that of the push-through MAU becomes additional heat load on the cooling coils. Compared with the push-through MAU, savings in electricity consumption for re-heating a draft-through MAU amount to 1,869,576 kWh (as listed in Table 6 ). This advantage is helpful in reducing the MAU size and downsizing the initial cost of the MAU. However, the housing of draft-through type MAU requires better airtightness than the push-through type MAU. Otherwise, the untreated air infiltrates the conditioned air stream through the seams of MAU housing, which increases the cooling load of MAU during summertime or increases the humidification requirement during wintertime. Moreover, the high negative pressure inside MAU increases the difficulty of draining the condensed water from the cooling coil. 
Approach 4
In terms of the initial cost, this approach uses one stage of cooling coil instead of two-stage cooling coils, as shown in Figure 5a ,b. As only low temperature chilled water is used, energy consumption in low temperature chiller increases, resulting in an increase of 0.2% in total energy consumption (Table 7) . However, the difference between initial costs of single cooling coil and two stage cooling coil is little. Therefore, the increase in operational cost of MAU with single cooling coil easily exceeds the initial cost saving. In terms of percentage, flow rate (volume) required by the draft-through type MAU is 8.28% less than the push-through type. According to the fan law, the draft-through type MAU consumes 21.23% less power than the push-through type MAU. As stated in the last section, the fan heat load of the draft-through MAU becomes part of the heat source of the re-heating coils, while that of the push-through MAU becomes additional heat load on the cooling coils. Compared with the pushthrough MAU, savings in electricity consumption for re-heating a draft-through MAU amount to 1,869,576 kWh (as listed in Table 6 ). This advantage is helpful in reducing the MAU size and downsizing the initial cost of the MAU. However, the housing of draft-through type MAU requires better airtightness than the push-through type MAU. Otherwise, the untreated air infiltrates the conditioned air stream through the seams of MAU housing, which increases the cooling load of MAU during summertime or increases the humidification requirement during wintertime. Moreover, the high negative pressure inside MAU increases the difficulty of draining the condensed water from the cooling coil. 
In terms of the initial cost, this approach uses one stage of cooling coil instead of two-stage cooling coils, as shown in Figure 5a ,b. As only low temperature chilled water is used, energy consumption in low temperature chiller increases, resulting in an increase of 0.2% in total energy consumption (Table 7) . However, the difference between initial costs of single cooling coil and two stage cooling coil is little. Therefore, the increase in operational cost of MAU with single cooling coil easily exceeds the initial cost saving. −0.20%
Approach 5
Reducing the original MAU air exit temperature from SA = 16.5 • C to SA = 14.5 • C (as shown in Figure 6a ,b) can save 0.22% of total annual energy consumption. The savings come from smaller MAU re-heating and DCC cooling loads. As the chillers are with heat recovery function, i.e., the so-called heat-recovery chillers, which provide warm water (up to about 37 • C) from condensing side, the warm water may be used for reheating. If the hot water generated by heat-recovery chillers is enough for re-heating, no heating facility such as a boiler is required and the energy-saving is mostly from the high temperature chillers, as shown on Table 8 . Successive lowering of the air temperature can cause increase of fan power consumption due to higher pressure loss in HEPA filters, caused by the high humidity air. In this case, reducing exit air temperature by 1 • C of MAU saves about 0.1% of fab energy consumption. 
Reducing the original MAU air exit temperature from SA = 16.5 °C to SA′ = 14.5 °C (as shown in Figure 6a ,b) can save 0.22% of total annual energy consumption. The savings come from smaller MAU re-heating and DCC cooling loads. As the chillers are with heat recovery function, i.e., the so-called heat-recovery chillers, which provide warm water (up to about 37 °C) from condensing side, the warm water may be used for reheating. If the hot water generated by heat-recovery chillers is enough for re-heating, no heating facility such as a boiler is required and the energy-saving is mostly from the high temperature chillers, as shown on Table 8 . Successive lowering of the air temperature can cause increase of fan power consumption due to higher pressure loss in HEPA filters, caused by the high humidity air. In this case, reducing exit air temperature by 1 °C of MAU saves about 0.1% of fab energy consumption. 
Approach 6
Power consumed due to the increased pressure drop over the HEPA filter is simulated by increasing 50, 100, and 150 Pa from the original 1182 Pa. The increase of power consumption is mostly from the fan. The re-heating load is slightly reduced (Table 9 ), due to a slightly higher temperature rise by the fan power. For Approach 6C, a notable annual 688,801 kWh increase is observed. It is noted that with very high MAU airflow rate, avoiding excessive increase in pressure drop, as the cases studied 50, 100, and 100 Pa, over the filter by replacing HEPA filter more frequently is a worthy 
Power consumed due to the increased pressure drop over the HEPA filter is simulated by increasing 50, 100, and 150 Pa from the original 1182 Pa. The increase of power consumption is mostly from the fan. The re-heating load is slightly reduced (Table 9 ), due to a slightly higher temperature rise by the fan power. For Approach 6C, a notable annual 688,801 kWh increase is observed. It is noted that with very high MAU airflow rate, avoiding excessive increase in pressure drop, as the cases studied 50, 100, and 100 Pa, over the filter by replacing HEPA filter more frequently is a worthy approach, as the cost of HEPA filter decreases greatly over the years. By frequently replacing HEPA filter, the pressure drop increase may be maintained to a very low level. Therefore, great fan power increase may be saved. In Approach 6C, pressure drop increase of 100 Pa is avoided and 0.32% of fab energy consumption is saved. In general, about 0.2% of fab energy consumption can be saved by reducing 100 Pa of pressure drop over the filter.
The energy consumption for each approach is indicated in Table 10 . Approach 1B reduces annual operations energy consumption by 1.01% compared to the base case. This is due to the increase of the humidity ratio from 9.6 g/kg to 10.2 g/kg. The worst case is Approach 1D, which increases the annual energy consumption by 0.94%. This is due to the decrease of humidity ratio from 9.6 g/kg to 9.1 g/kg. 
Conclusions
This study employs the developed simulation software for the energy use of the high-tech fab to examine six energy-saving approaches for the MAU of a TFT-LCD fab. In addition, the simulated results are further compared to the measured data of the studied TFT-LCD fab in Taiwan. The simulated results demonstrate that the setting on room temperature results a very significant impact on energy-saving. Specifically, increasing 1 • C of fab temperature can almost save 1% of fab energy consumption. On the other hand, increasing 3% of RH value in the fab can reduce about 0.65% of fab energy consumption. Using a single stage coil or push-off type MAU surprisingly consumes more energy. Reducing exit air temperature of MAU by 1 • C saves about 0.1% of fab energy consumption. Avoiding excessive increases in pressure drop over the filter by more frequently replacing HEPA filter is economically possible and its effect on reducing energy consumption is notable, about 0.2% of fab energy consumption can be saved by reducing 100 Pa of pressure drop over the filter.
